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Section S1. Evolution of the domain structure induced by field pulses
To fully understand the magnetization reversal behaviors of the samples, we observe their magnetic domain structures using a polar MOKE microscope under different magnetic field. We first study a sample with t = 1.9 nm, and start with a single domain state by saturating the sample with a positive (upward) perpendicular dc magnetic field H = 200 Oe that is much larger than the saturation field H s . Then a series of negative (downward) field pulses with an amplitude slightly larger than the nucleation field (-60 Oe) and the pulse width τ = 0.1 s is applied to reverse the magnetization. The evolution of the domain structures is imaged and recorded, using a quasistatic technique, by which each image is taken in a zero field after each pulse (see Fig. S2 ). Note that the domain size and morphology remain almost unchanged, when a zero external field is applied during the imaging. We find that the reversed domain (the black patterns), with a downward magnetization (M z < 0), is formed at one nucleation site first and then grows during each field pulse. Finally, after 10 pulses, a pattern of narrow upward domains inserting the downward domains is formed. This expanding behavior is different from that in sample of t = 1.2 nm who possess a very strong PMA, in which a perfect circular bubble domain is created, then gradually expands to cover the whole sample to form a single-domain state (see Fig. S4 ) (36, 39) . It is evident that, with a field amplitude of -60 Oe, the upward domains do not vanish, even after applying many more pulses. By further increasing the downward field from -70 Oe to -140 Oe, the length and the width of the upward domains decrease gradually to finally vanish, leading to a saturated, ferromagnetic state in the opposite direction (see Fig. S5 ). This may explain why the out-of-plane hysteresis loop represented in Fig. S1 is not perfectly rectangular, and that it reaches saturation gradually, especially for samples with larger Co thicknesses (weaker PMAs).
Section S2. Theoretical analysis of the half-skyrmion Hall effect
In the framework of micromagnetism, the current-driven dynamics of a half-skyrmion is described by the Landau-Lifshitz-Gilbert (LLG) equation, augmented with the damping-like spin torque term, and given by
where t is the time, 0 is the gyromagnetic ratio with an absolute value, is the Gilbert damping
is the reduced Planck constant, e is the electron charge, j is the injected current density, θ SH is the spin Hall angle and M s is the saturation magnetization. l is the thickness of the ferromagnetic layer, and y  p is the spin polarization direction.
Based on Eq.
(1) and assuming the half-skyrmion is a rigid object, the steady motion of the halfskyrmion can then be described by the Thiele equation ( where = sk 8 ⁄ . We assume that the tension along the direction of the velocity, which has an angle with x axis (Hall angle). Then, Eq. 4 can be decomposed as
From Eq. 5, we can get cos = sin + . It can be seen that if the driving current is in the high current limit (i.e., u is very large) or if the half-skyrmion is in the large bubble limit (i.e., I is very large), one can neglect this tension reasonably, Therefore, the Hall angle of the half-skyrmion can be estimated by
For a full skyrmion with Q = 1, the dissipative tensor component is = sk . For a halfskyrmion with Q = 1/2, the dissipative tensor component is = Dependence of the speed of expansion of the bubble on the amplitude of the pulse. Fig. S5 . Evolution of the domain structure induced by increased field pulses. Kerr microscopy images of the domain structure evolution during the application of a series of negative magnetic field pulses with different amplitudes varying from -70 to -140 Oe, for a duration of 0.1 s, for the sample used in Fig. S1 . The first image is recorded just after a pulse to the sample in the state shown in the last image in Fig. S1 . The narrow white domains are gradually vanishing as the amplitude of the field pulse is being increased. The actual amplitude of the field pulse for the last image is higher than that of the saturation field, leading to a single domain state (ferromagnetic saturation). 
